Programmed cell death (PCD) has been recognized as a fundamental cellular process conserved in metazoans, plants and yeast. However, the cellular mechanisms leading to PCD have not been fully elucidated in unicellular organisms. Evidence is presented that heat stress induces PCD in Chlorella saccharophila cells. Our results demonstrate that heat shock triggers a PCD pathway occurring with characteristics features such as chromatin condensation, DNA fragmentation, cell shrinkage and detachment of the plasma membrane from the cell wall, and suggest the presence of caspase 3-like activity. The caspase 3 inhibitor Ac-DEVD-CHO gave significant protection against heat shock-induced cell death. Moreover, a reduction in photosynthetic pigment contents associated with alteration of chloroplast morphology and a fairly rapid disappearance of the ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit and the light-harvesting complex of PSII have been observed. The timing of events in the signaling cascade associated with the C. saccharophila heat shock PCD response is discussed. Insights into this field may have general implications for understanding the pathway of cell death in unicellular green algae.
Introduction
Multicellular organisms respond to developmental and environmental signals through various physiological and biochemical changes, including activation of programmed cell death (PCD). PCD is a genetically coded process defined by a regulated sequence of events, associated with characteristic morphological and biochemical alterations (Chowdhury et al. 2006) . In metazoans, PCD has a functional and adaptive role and occurs with typical morphological hallmarks, characterized by cell shrinkage, chromatin condensation and nuclear fragmentation, which are orchestrated by the activity of a family of cysteine proteases called caspases (Chowdhury et al. 2006) . Only recently the existence of a PCD process in unicellular organisms has been established (Bidle and Falkowski 2004, Gordeeva et al. 2004) . PCD has been observed to be induced by various environmental stimuli; however, knowledge of the effector and regulatory molecules involved in cell death is still very limited in these organisms. Cells dying under these conditions display several markers characteristic of apoptosis such as an involvement of H 2 O 2 (Madeo et al. 1999 , Vardi et al. 1999 , Mariante et al. 2003 , cysteine proteases and caspase-like proteins (Vardi et al. 1999 , Segovia et al. 2003 , Berman-Frank 2004 , Moharikar et al. 2006 , chromatin condensation, nuclear fragmentation and degradation of DNA (Segovia et al. 2003 , Gordeeva et al. 2004 . Few studies are available on the cell death cascade in Chlorophytes.
We have used a low-temperature strain of Chlorella saccharophila, a unicellular green alga, collected in the snowfield of the Antelao glacier (Venetian Dolomites, Italy), maintained in the laboratory at 48C (Moro et al. unpublished) . Chlorella is widely used as a model system for biochemical and physiological studies (Daligault et al. 2003) . It belongs to a group, the Chlorophytes, which is considered to be one of the primary lineages of photosynthetic eukaryotes, together with red algae, land plants and glaucophytes (Delwiche 1999) . It is likely that they have a common origin and that they obtained their plastids through a single primary endosymbiosis with a cyanobacterium (Rodriguez-Ezpeleta et al. 2005) . This allows studies which can also provide insight into the evolution of different cellular pathways.
Heat stress has been shown to be one of the environmental factors that could trigger PCD in plant cells (Vacca et al. 2006 , Zuppini et al. 2006 . This process occurs with biochemical and morphological features similar to those observed in other animal and plant PCD pathways. In this study, cell death in the unicellular chlorophyte C. saccharophila subjected to heat stress was investigated. This species has a widespread distribution, mainly in extreme environments (Huss et al. 2002) . We have chosen to examine the effect of heat treatment on induction of cell death in C. saccharophila due to the fact that it is subjected to large temperature variations during seasonal changes. Our results indicate that several hallmarks observed during PCD in higher eukaryotes can be identified in C. saccharophila heat-induced cell death. The presence of these key elements of the death molecular machinery such as caspase-like activity and other typical morphological and biochemical features strengthens the idea of the existence of a conserved core set of components shared by unicellular and multicellular organisms.
Results

Cell viability following heat treatments
Cells treated with different temperatures were assayed for induction of cell death. Chlorella saccharophila cells seemed to be very resistant to high temperatures. Fig. 1 shows the viability of cells exposed for 2 h to increasing temperatures and analyzed 24 h after the heat shock (HS): when the applied stress was lower than 408C (from 4 to 408C), the cell viability was higher than 85% under all temperature conditions tested. However, significant reductions of cell viability were obtained with temperatures above 408C compared with the control cells grown at 48C (Fig. 1) . In particular, incubation of cells for 2 h at 448C caused increased cell death with time after treatment (Fig. 2) . Time course data highlighted a significant rise in cell death after 16 h, and at 48 h from the stress almost 60% of the cell population was dead (Fig. 2) .
Heat shock is associated with production of intracellular reactive oxygen species
In a previous study we analyzed the effect of HS on soybean cultured cells which showed the occurrence of an HS-mediated oxidative burst, corresponding to a sudden rise in H 2 O 2 level (Zuppini et al. 2006) . Using H 2 O 2 -sensitive dyes, we explored the possibility that HS also stimulates H 2 O 2 production in C. saccharophila. A colorimetric assay was carried out to measure extracellular H 2 O 2 generation. There was no observable difference in the levels of H 2 O 2 production between cells incubated at 448C and the control at all time points tested (Fig. 3A) . To determine whether heat stress induced the production of intracellular reactive oxygen species (ROS) in C. saccharophila, samples from control and treated cells were stained with 2 0 ,7 0 -dichlorofluorescin diacetate (H 2 DCFDA). This dye crosses cell membranes and, after oxidation, is converted into a fluorescent compound. In cells incubated for 10 min at 448C, fluorescence microscopy revealed a significant intracellular ROS accumulation, compared with the control (Fig. 3B ). The production of ROS was not observed at shorter time points, and for periods longer than 10 min the amount of ROS produced was comparable with that observed in control cells (data not shown).
Changes in nuclear morphology and DNA fragmentation To elucidate the events involved in HS-induced cell death in C. saccharophila, we analyzed some recognized PCD markers for eukaryote apoptosis. Changes in nuclear morphology are well documented during PCD. Fig. 4A shows the time course of the occurrence of chromatin condensation and DNA fragmentation in heat-treated C. saccharophila cells. Following incubation at 448C for 2 h the cells were stained with Hoechst 33342 (HO) dye at different times after treatment (from 0 to 48 h). The dye stains condensed chromatin of apoptotic cells more brightly than chromatin of normal cells. As shown in Fig. 4B , in control cultures, nuclei of C. saccharophila cells were slightly stained and only about 5% HO-positive nuclei were observed (Fig. 4A) . In contrast, HS-treated cells showed typical apoptosis morphology characterized by chromatin condensation both in vegetative cells and in autospores (Fig. 4B) . Often in treated cells chromatin formed clumps that localized at the periphery of the nucleus (Fig. 4B,  arrows) . The appearance of condensed nuclei, which is frequently observed in apoptotic cells, was significantly higher compared with the control immediately after the HS and increased with the time after treatment (Fig. 4A) . At 48 h after the stress, about 90% of the cell population showed condensed nuclei (Fig. 4A) . Terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL) assay, which labels free 3-OH ends of DNA, is routinely used to detect fragmented DNA and to visualize apoptotic cells in situ (Phillips et al. 2003) . Fig. 4A shows the time course of the appearance of TUNEL-stained cells after HS. In control and HS-treated cells analyzed at 0, 4 and 16 h from the HS, a small percentage (5-10%) of nuclei were stained (Fig. 4A, C) . This value increased significantly to approximately 30-40% in HS-treated cells 24-36 h after the stress, to reach about 60% after 48 h (Fig. 4A) .
We further analyzed the changes in nuclear morphology by transmission electron microscopy (TEM) comparing the HS-treated cells with the controls. Similar morphological alterations were observed in treated cells analyzed at 24 and 48 h after the stress. In Fig. 5B and C typical pictures taken at 48 h are documented: clumps of condensed chromatin were clearly observed close to the nuclear envelope in both vegetative and autospore cells ( with the progression of the induced PCD, from about 40 to about 80% of total nuclei at 24 and 48 h, respectively (data not shown). In control cells, chromatin condensation was not observed (Fig. 5A ). Moreover, in treated cells, the nuclear morphology appeared more lobed (Fig. 5C ) compared with the round shape of the nucleus of control cells (Fig. 5A ). Frequently in HS-treated cells the plasma membrane seemed to detach from the cell wall with a slight shrinkage of the cells (Figs. 5B, 7B ).
Activation of caspase 3-like proteases
Following the data obtained on nuclear condensation and fragmentation, it was important to determine whether the pathway leading to C. saccharophila cell death was similar to that which is observed in higher eukaryotes. As caspases are key enzymes in the apoptotic pathway of higher eukaryotes, the presence of caspase-like activity in C. saccharophila cells was examined. Using a colorimetric caspase 3 assay, cleavage of the caspase 3 synthetic substrate DEVD-p-nitroaniline (DEVD-pNA) was observed in cell extracts of HS-treated cells (Fig. 6A ). As shown in Fig. 6A , when normalized for protein content, we observed a significant increase in caspase 3-like activity in HS-treated cells 24 h after the HS, but failed to see any increase within the first 24 h. DEVDase activity could be inhibited by the addition of a specific caspase 3 inhibitor (Fig. 6A ). Caspase inhibitors could inhibit or delay many apoptotic processes in higher eukaryotes. When the caspase 3 inhibitor Ac-DEVD-CHO was added to C. saccharophila cell culture before the HS treatment, the percentage of dead cells after 24 h was comparable with the control (Fig. 6Ca) . Moreover, we carried out Western blot analyses with an antibody raised against human caspase 3. This enzyme is one of the major caspases in apoptotic cells, suggesting that activation of caspase 3 is a pivotal event in the execution phase of apoptosis (Chowdhury et al. 2006) . Upon activation, in mammalian cells, procaspase 3, which has a molecular weight of about 34 kDa, is cleaved into active subunits of different molecular weight (18-20 and 12 kDa) depending on the activator. Fig. 6B shows the presence of cross-reacting protein bands in HS-treated cells with a molecular weight comparable with mammalian caspase 3 proteases, indicating the presence of caspase 3-like epitopes in C. saccharophila. Banding is consistent with the expected $34 kDa for procaspase 3 and $12-20 kDa for caspase 3, according to the supplier. Already after 4 h from the HS a 20 kDa fragment is noticeable, which is processed into a 12 kDa protein with increasing time after treatment (Fig. 6B ). In the controls we do not detect any crossreaction corresponding to 20 or 12 kDa (Fig. 6B, Cb) . Incubation of cells with the caspase 3 inhibitor Ac-DEVD-CHO prevents the cleavage of the procaspase 3-like enzyme Heat shock-induced nuclear alterations. Typical electron microscopy images from control cells (A) and cells treated for 2 h at 448C analyzed 48 h after the HS (B and C). Arrows mark the detachment of the plasma membrane from the cell wall. Cc, condensed chromatin; ch, chloroplast; cw, cell wall; m, mitochondria; nu, nucleus; pg, pyrenoglobuli; pm, plasma membrane; py, pyrenoid; th, thylakoids. Scale bar ¼ 1 mm.
Programmed cell death in Chlorellainto the active enzyme (Fig. 6Cb) and also the occurrence of chromatin condensation (Fig. 6Cc) .
Heat shock-induced changes in chloroplast morphology and pigment contents
To characterize further the HS pathway in C. saccharophila cells, we focused on chloroplast alterations. The role of organelles in PCD is documented in higher eukaryotes. Specifically, the role of mitochondria in plant cell death is well recognized (Yao et al. 2004) , and recent studies suggest an involvement of chloroplasts not only in senescence (Zapata et al. 2005 ) but also in PCD induced by different stimuli (Yao and Greenberg 2006) . Alterations in chloroplast morphology were observed during HS-induced PCD in soybean (Zuppini et al. 2006) . Chlorella saccharophila cells subjected to HS showed large modifications in chloroplast structure. Control cells have a single cup-shaped chloroplast with typical triplet parallel thylakoid membranes (Figs. 5A, 7Aa ) and a pyrenoid encircled by small pyrenoglobuli (Fig. 5A) . In HS-treated cells, dismantling of the chloroplast structure is induced with alteration of the thylakoid pattern and impairment of photosynthetic membranes (Fig. 7Ab, c) . The stroma was less dense, with the pyrenoid often fragmented or completely absent and with randomly distributed pyrenoglobuli among altered thylakoids (Fig. 7Ab, c) .
The analyses of chloroplast pigments in HS-treated C. saccharophila cells highlighted a progressive reduction in both chlorophyll and carotenoid contents as the PCD process progressed (Fig. 7B) . It has been demonstrated that the proteolytic cleavage of the ribulose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco) large subunit (rbcL) is a specific PCD-induced event in victorin-and HS-treated Avena sativa cells (Navarre and Wolpert 1999, 
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Coffeen and Wolpert 2004). Western blot assays were carried out to determine the expression of rbcL in C. saccharophila cells. As shown in Fig. 7C , a major crossreacting protein band of about 54 kDa was recognized by anti-rbcL antibodies. The amount of rbcL, compared with the control, progressively decreased with time after treatment (Fig. 7C ). Moreover, the expression level of another main protein of the photosynthetic process, the lightharvesting complex of PSII (LHCII), revealed a significant reduction of the amount of protein in HS-treated cells at 48 h after the stress, compared with the control (Fig. 7C ). Cells incubated with 20 mM of the caspase 3 inhibitor Ac-DEVD-CHO before the HS did not show a significant reduction in the amounts of either protein at 48 h after the stress, compared with the control (Fig. 7C ).
Discussion
PCD has been identified in unicellular organisms, highlighting its key role in prokaryotic and eukaryotic microorganisms (Bidle and Falkowski 2004, Gordeeva et al. 2004) . Some commonalities in the PCD pathway between unicellular and multicellular organisms have been reported. However, there are few studies on Chlorophytes, and the complete characterization of the PCD pathway and definition of the factors that control PCD in these organisms are far from being elucidated. Exposure to extreme environmental factors leads to cell death through apoptosis-like mechanisms in several species (Gordeeva et al. 2004) . The aim of the present study was to gain further insight into the mechanisms in Chlorophytes, studying the processes associated with HS-induced cell death.
Chlorella saccharophila is a green alga with a widespread distribution and an ability to occupy extreme environments (Huss et al. 2002) . We have used a snow strain of C. saccharophila isolated from the Antelao glacier (Italy) which turned out to be particularly resistant to light variations and salinity (A.Z. and B.B., unpublished) . This species could be subjected to strong temperature variations during seasonal fluctuations. Changes in air temperatures, snowmelt, solar effects and other factors could, in principle, warm up soils, producing the temperatures applied experimentally. Our data indicate that no significant cell death can be induced below 408C. Treatments of cells at 448C for 2 h triggered a significant increase of cell death at 24 h after the applied stress. At this time point, a substantial proportion of the cell population is composed of cells that display chromatin condensation, DNA fragmentation, caspase-like activity able to degrade caspase substrate from higher eukaryotes, and alterations of chloroplast structures.
Stress responses in unicellular algae demonstrated that light deprivation, CO 2 , ROS and UV-C irradiation could induce cell death with apoptosis-like features (Vardi et al. 1999 , Segovia et al. 2003 , Moharikar et al. 2006 . Moreover, it has been shown that HS induces cell death in plant cells occurring with PCD-like features (Vacca et al. 2006 , Zuppini et al. 2006 . To identify the nature of C. saccharophila HS-induced cell death, we analyzed the occurrence of biochemical and structural characteristics of metazoan apoptosis. One of the key elements in the process of apoptosis is the activation of caspase 3, and studies on experimental models suggested that activated caspase 3 is a reliable indicator of the apoptotic rate. The activated caspase cleaves a host of cellular substrates leading to the occurrence of typical hallmarks of apoptosis. Although plants do not have close homologs to animal caspases, caspase-like activity has been reported in higher plants during stress-induced PCD (Korthout et al. 2000 , Lam and del Pozo 2000 , Zuppini et al. 2004 , Zuppini et al. 2005 , Zuppini et al. 2006 . Moreover, cysteine proteases are central to the PCD response in different phytoplanktonic species (Vardi et al. 1999 , Segovia et al. 2003 ) and caspaselike activity has been shown in unicellular organisms (Segovia et al. 2003 , Berman-Frank 2004 , Moharikar et al. 2006 . Our results show the presence of caspase 3-like activity in HS-treated C. saccharophila cells 24 h after the stress, peaking at 48 h, specifically inhibited by a mammalian caspase 3 inhibitor. Moreover, we detected a cross-reaction of 20 and 12 kDa protein bands with a commercial antibody raised against human caspase 3. Our findings show that the specific caspase 3 inhibitor Ac-DEVD-CHO hampers the occurrence of PCD in C. saccharophila cells, suggesting the existence of a caspase-mediated pathway leading to HS-induced cell death. Although the molecular characteristics of caspaselike activities in unicellular organisms remain to be delineated, our findings agree with what was found in Dunaliella (Segovia et al. 2003) and Chlamydomonas (Moharikar et al. 2006) , suggesting that caspase-like proteins may act in algal apoptosis-like cell death and have some resemblance to mammalian caspases.
Upon different cell death stimuli, various H 2 O 2 -producing mechanisms can be activated and, as a result of this deliberate H 2 O 2 production, a self-destructive PCD is triggered (Apel and Hirt 2004) . We have shown that HS does not promote H 2 O 2 production in the culture medium. However, a significant increase in intracellular H 2 O 2 production upon HS suggests a possible involvement of this molecule in the first steps of the C. saccharophila HS response. In the dinoflagellate Peridinium gatunense, ROS production was related to PCD triggered by CO 2 limitation (Vardi et al. 1999) , and H 2 O 2 is a known inducer of PCD in unicellular organisms (Madeo et al. 1999 , Mariante et al. 2003 . PCD was further verified by carrying out a TUNEL assay of C. saccharophila cells. An increase in the TUNEL-positive cells in the HS-treated population as compared with the control was found, thereby suggesting the PCD-like nature of HS-induced cell death. Although nuclear DNA fragmentation constitutes a point of no return and is considered as a hallmark of the PCD process, we could not detect nucleosomal laddering of DNA (data not shown). Nevertheless, the absence of a DNA ladder does not rule out PCD and our results are consistent with data on PCD in other unicellular organisms (Madeo et al. 1999 , Vardi et al. 1999 , Alzate et al. 2006 .
Previously, chloroplasts have been suggested to play significant roles in plant and Chlorophyte PCD processes (Chen and Dickman 2004 , Wang et al. 2004 , Zapata et al. 2005 , Gohre et al. 2006 , Yao and Greenberg 2006 , and restraint of photosynthetic activity seems to be one of the consequence of the cellular response to stress conditions (Tan et al. 1995 , Lu et al. 2004 ). Cells of Chlorella pyrenoidosa undergo a time-dependent chlorophyll bleaching under heat treatment (Tzeng and Hsu 2001) , and loss of pigment content is one of the features of algal senescence in culture, which is controlled via PCD (Franklin and Berges 2004) . It has been shown that the initiation of the Rubisco degradative process is induced in plant cells by various environmental signals (Casano et al. 1994 ) and during senescence (Ferreira and Davies 1989) . In oat, a specific cleavage of Rubisco, prevented by cysteine protease inhibitors, occurs after treatment of cells with the fungal toxin victorin (Navarre and Wolpert 1999) . Moreover, Casano et al. (1994) reported the presence of chloroplastlocalized proteases that seem to recognize Rubisco as substrate. Our results reveal an alteration of chloroplast structure accompanied by the reduction of photosynthetic pigment contents and Rubisco protein expression. Interestingly, the inhibition of cell death with the specific caspase 3 inhibitor Ac-DEVD-CHO hampers the degradation of Rubisco and LHCII. In this context, our data provide a reasonable stimulus to try to answer the question of whether the chloroplast is directly involved in unicellular green algae PCD regulation or if it is just a target of the PCD process.
Taken together, our results indicate that HS triggers in C. saccharophila a caspase-like-dependent PCD pathway exhibiting many key markers of metazoan PCD. The meaning and importance of the PCD process in unicellular algae is still a matter of debate. The most recent findings are based on the concept that unicellular life could be able to organize itself into co-operating groups. Several possibilities have been put forward to suggest that individual PCD could be a mechanism of population control arising amongst the algae themselves in response to environmental cues, apparently using a core of biochemical machinery similar to that used by metazoans (Bidle and Falkowski 2004 , Gordeeva et al. 2004 , Franklin et al. 2006 . At present, the large gap in the understanding of PCD in unicellular organisms due to the identification of only a few cellular components of the pathway prompts us to collect as much data as possible on this topic. The characterization of the pathways that regulate active cell death processes in C. saccharophila would help to clarify the mechanisms of PCD in unicellular organisms. The data presented here of a PCD response to heat are interesting given the significance of this environmental factor in the regulation of C. saccharophila growth. Our findings are consistent with the idea that unicellular Chlorophytes, higher plants and metazoans share conserved crucial elements of the caspasemediated cell death cascade.
Materials and Methods
Growth conditions and treatments
Cells of a snow strain of C. saccharophila, collected in the snowfield of the Antelao glacier (Venetian Dolomites, Italy) (Moro et al. unpublished) , were grown in Bristol GRþ liquid medium (www.bio.utexas.edu/research/utex/) at a temperature of 48C and illuminated with white fluorescent tubes (800 AE100 lux). Cells were subcultured every 4 weeks, during the exponential growth phase, by making a 1 : 2 dilution in fresh medium, and maintained at 48C. Cells in the exponential growth phase were incubated at different temperatures in a pre-warmed circulating water bath in the light for 2 h followed by incubation under normal growth conditions for 0-48 h. PCD inhibition experiments were carried out using 20 mM of the caspase 3 inhibitor Ac-DEVD-CHO (BioSource International, Inc., Camarillo, CA, USA) dissolved in dimethylsulfoxide (DMSO). DMSO had no effect on the viability of cells. Ac-DEVD-CHO was applied either to cell suspension together with the HS or to cytosolic protein extracts.
Evans blue assay
The same amounts of cells in exponential growth phase for each experiment were incubated in 0.05% Evans blue solution for 15 min (Levine et al. 1996) , followed by extensive washing with deionized water to remove excess and unbound dye. Dye bound to dead cells was solubilized in 50% methanol/1% SDS for 30 min at 508C and quantified by absorbance at 600 nm. The evaluation of the percentage of dead cells was carried out by considering as the 100% reference value the absorbance of an equal amount of cells treated for 10 min at 1008C.
Detection of ROS
To determine extracellular H 2 O 2 production, cells were incubated at 448C and harvested at different time points. The assay (Wolff 1994 ) is based on a colorimetric reaction due to the peroxide-mediated oxidation of Fe 2þ followed by the reaction of Fe 3þ with xylenol orange. A 0.5 ml aliquot of assay solution (0.5 mM ammonium ferrous sulfate, 50 mM H 2 SO 4 , 0.2 mM xylenol orange, 200 mM sorbitol) was added to 0.5 ml of control and treated cells, and the absorbance at 560 nm was detected after 45 min incubation. Intracellular production of ROS was measured using H 2 DCF-DA (Molecular Probes, Leiden, The Netherlands). H 2 DCF-DA is a cell-permeable non-fluorescent probe. It can be intracellularly de-esterified and is changed into highly fluorescent 2 0 ,7 0 -dichlorofluorescin (DCF) upon oxidation by intracellular hydrogen peroxide and other peroxides. Cells were observed with Programmed cell death in Chlorellaan epifluorescence microscope (LEICA DMR) using an excitation wavelength of 480 nm. A total of 300 cells for each sample were analyzed for DCF positivity.
Isolation of proteins and Western blot analysis
PCD-induced or control cells were harvested by centrifugation (5 min, 500Âg) and cell pellets were homogenized with a solution containing 0.1 M Tris, 0.2 M NaCl, 0.2% Triton, 1 mM EDTA, 1 mM leupeptin and 0.5 M phenylmethylsulfonyl fluoride. Cell debris was pelletted by rapid centrifugation (5 min, 500Âg) and the protein content in the supernatant was determined by the method of Bradford (1976) using bovine serum albumin as standard. Proteins (10-100 mg) were separated by 12% SDS-PAGE and transferred to an Immobilon-P transfer membrane (Millipore, Bedford, MA, USA) according to Towbin et al. (1979) . Membranes were blocked with 5% (w/v) skim milk in phosphatebuffered saline (PBS) buffer for 1 h at room temperature and immunoblotted with antibodies raised against human caspase 3 (1 : 500, Calbiochem, San Diego, CA, USA), spinach LHCII (1 : 7,000, from R. Barbato, Alessandria, Italy) and wheat rbcL (1 : 7,000, from N. La Rocca, Padova, Italy) for 2 h at room temperature in PBS buffer. After incubation, filters were washed twice with 0.02% Tween/PBS followed by one wash in PBS before incubation with the secondary antibody. Labeling was detected by chemiluminescence (CDP-star TM , Biolabs, Hitchin, UK) and autoradiography films (Sigma-Aldrich, St Louis, MO, USA). The exposed films were quantified, after normalization with the protein content, by densitometric analyses using Quantity One and Molecular Analyst software (BioRad, Oakland, CA, USA).
Fluorescent staining of nuclei by HO
Cells were stained with 8 mg ml À1 HO (Sigma-Aldrich) for 10 min at room temperature and then examined with a fluorescence microscope with an excitation wavelength of 350 nm. About 600 cells were analyzed for each experiment, and cells undergoing PCD were characterized by morphological alteration such as chromatin condensation.
TUNEL assay
Cells undergoing PCD were detected with the 'In situ Cell Death Detection kit, fluorescein' (Roche Diagnostic Spa, Milan, Italy) according to the manufacturer's instructions. Briefly, cells were fixed in 4% formaldehyde, permeabilized with 0.1% Triton X-100, 0.1% sodium citrate and incubated at 378C for 60 min with terminal deoxynucleotidyl transferase (TdT) and fluoresceinconjugated nucleotides. Negative controls were produced exactly as described above but without adding TdT to the reaction mix. Positive controls were obtained by treating cells with DNase I, grade I (5,000 U ml À1 in 50 mM Tris-HCl, pH 7.5) for 10 min prior to the TdT incubation. Slides were observed with an epifluorescence microscope (Leica DMR), and a total of 600 cells for each sample were analyzed for TUNEL positivity.
Caspase 3 activity assay
The assay was carried out using the 'caspase-3 colorimetric activity assay kit' (Chemicon International, Inc., Temecula, CA, USA), according to the manufacturer's instructions. Ac-DEVDpNA, a substrate for the colorimetric determination of caspase 3 activity, was added to the cell extracts of control and treated cells. The reaction mixtures were incubated for 2 h at 378C. Caspase 3-like activity was determined by spectrophotometric quantification of the free pNA ( em ¼ 405 nm).
TEM
Chlorella saccharophila cells (collected by centrifugation, 500Âg, 5 min) were fixed overnight at 48C in 0.1 M cacodylate buffer containing 3% glutaraldehyde and then post-fixed for 2 h at 48C with 1% osmium tetroxide in 0.1 M cacodylate buffer. Samples were dehydrated in a graded ethanol series and then embedded in araldite resin. Thin sections (0.05 mm), obtained with an ultramicrotome, were stained with uranyl acetate in ethanol for 30 min at room temperature and observed at 75 kV in a Hitachi 300 TEM.
Chlorophyll and carotenoid determination
The levels of chlorophylls and total carotenoids in C. saccharophila cells were measured spectrophotometrically after extraction with N,N 0 -dimethylformamide, using the extinction coefficients proposed by Porra et al. (1989) . Each measurement is the average AE SD of five replicates.
Statistical analysis
Data are presented as means AE SD of 3-5 independent experiments. The Student's t-test was used to compare the significance of differences between data points: Ã P50.05; ÃÃ P50.025; ÃÃ P50.005.
